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Abstract. Although large-scale programs, like India’s Total Sanitation Campaign (TSC), have improved latrine cov-
erage in rural settings, evidence suggests that actual use is suboptimal. However, the reliability of methods to assess
latrine use is uncertain. We assessed the reliability of reported use, the standard method, by comparing survey-based
responses against passive latrine use monitors (PLUMs) through a cross-sectional study among 292 households in
25 villages in rural Odisha, India, which recently received individual household latrines under the TSC. PLUMs were
installed for 2 weeks and householders responded to surveys about their latrine use behavior. Reported use was com-
pared with PLUM results using Bland–Altman (BA) plots and concordance statistics. Reported use was higher than
corresponding PLUM-recorded events across the range of comparisons. The mean reported “usual” daily events per
household (7.09, 95% confidence interval [CI] = 6.51, 7.68) was nearly twice that of the PLUM-recorded daily average
(3.62, 95% CI = 3.29, 3.94). There was poor agreement between “usual” daily latrine use and the average daily
PLUM-recorded events (ρc = 0.331, 95% CI = 0.242, 0.427). Moderate agreement (ρc = 0.598, 95% CI = 0.497, 0.683)
was obtained when comparing daily reported use during the previous 48 hours with the average daily PLUM count.
Reported latrine use, though already suggesting suboptimal adoption, likely exaggerates the actual level of uptake of
latrines constructed under the program. Where reliance on self-reports is used, survey questions should focus on the
48 hours prior to the date of the survey rather than asking about “usual” latrine use behavior.
INTRODUCTION
Improving sanitation is regarded as a key public health
measure to reduce infectious diseases.1 Latrine use is an
important outcome indicator for monitoring the effectiveness
of sanitation programs.2–4 Although large-scale campaigns in
India, which prioritize the elimination of open defecation,
have succeeded in increasing latrine coverage, actual adop-
tion and use has been suboptimal.4–9 Poor use may be a par-
tial explanation why recent evaluations of such programs
have found that they have not prevented sanitation-related
diseases such as diarrhea and soil-transmitted helminth infec-
tion.10–12 Increasing evidence has shown that in settings such
as India, an emphasis on latrine access and/or ownership
alone, without addressing latrine use, is not likely to yield
desired programmatic outcomes, including open defecation
free status, health, and other gains from sanitation.4,8,9,13,14
However, measuring household and individual latrine use
is challenging. Direct observation is costly, potentially objec-
tionable, and has shown to cause reactivity.14 Spot-checks
and latrine use indicators provide only an indication of house-
hold use, not individual use.10,11,15,16 Some evidence suggests
that repeated spot-checks have potential to cause reactivity in
longitudinal studies.17 Sensor-monitored use based on passive
latrine use monitors (PLUMs) or similar devices are useful in
assessing the reliability of other methods.14 They have identi-
fied evidence, for example, of reactivity in using direct obser-
vation, previously thought to be the gold standard in assessing
latrine use. However, existing sensors are not practical for
large-scale latrine use assessment.
Self-reported measures, such as maintaining a diary18,19 or
responding to surveys,5,20,21 are the most common method to
measure behavior in water, sanitation, and hygiene interven-
tions. The Joint Monitoring Program for Water and Sanitation
(JMP), which currently monitors progress toward interna-
tional water and sanitation targets, recommends that national
surveys ask, “What kind of toilet facility do members of your
household usually use?”22 In India, the 69th round of the
National Sample Survey included a section on “latrine,” which
among other items, asked “whether all household members of
categories specified are using the latrine” (yes, no, not appli-
cable). The categories were “male of age below 15 years,”
“male of age 15 years and above,” “female of age below
15 years,” and “female of age 15 years and above.”9 Some
studies have used the self-report method as a complementary
approach in conjunction with other approaches, including
technology-based measures, such as electronic soap loggers,
and latrine inspections or spot-checks.10,23
However, evidence suggests that study subjects tend to
over-report desirable behavior in response to survey ques-
tions.3,10,24–27 Repeated interviews or completing a diary and
ensuring that recordings are not missed may be burdensome
to investigators and subjects, leading to fatigue and thereby
reducing reliability.28 Further, household-based surveys that
are often used to elicit such information tend to be time con-
suming and expensive.3
In the context of a large-scale trial (the “Sanitation Trial”)
to assess the impact of improved sanitation in rural India, we
undertook a few approaches to assessing latrine use.11,14 In
this article, we report on various approaches to assessing
latrine use based on self-reports at the household and indi-
vidual level, and compare the results with PLUMs mounted
inside the latrine.
MATERIALS AND METHODS
Study context. The study was conducted among 25 villages
in rural Puri, a coastal district of Odisha, India, which com-
prised the intervention arm of a randomized, controlled trial
*Address correspondence to Thomas F. Clasen, Department of
Environment Health, Rollins School of Public Health, Emory
University, Atlanta, GA. E-mail: thomas.f.clasen@emory.edu
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(the “Sanitation Trial”) to assess the health impact of rural san-
itation under the Indian Total Sanitation Campaign (TSC).11,29
Findings from a baseline survey revealed that approxi-
mately 10% of households among the intervention villages
had access to a latrine.29 Between January 2010 and March
2011, WaterAid and its implementing partners conducted
community mobilization and constructed household pour-flush
latrines among eligible “below the poverty line” households.30
Village and household selection. This latrine use study was
conducted among 25 of the 50 villages comprising the inter-
vention arm in the Sanitation Trial. Villages were eligible if
they had at least one household that was included in the Sani-
tation Trial surveillance (had a child under 4 years and/or
a pregnant woman at baseline) with a functional latrine as a
result of the intervention (a surrounding wall/ enclosure, a
door/closure over the entrance for privacy, an unbroken toilet
pan, a functional pan-pit connection, and the presence of a
covered pit). A total of 46 villages were found to be eligible
from which 25 were randomly selected for the latrine use study
using block-level stratification and a computer-generated
sequence. All surveillance households in the selected villages
were eligible to participate in the latrine use study provided
they had functional latrines. Eligible households were enrolled
if they consented to participate in the study.
Surveys to assess latrine use. In this article, we compare
various approaches to assessing reported use both at the
household and individual level with results from PLUMs.
Both these methods were pilot tested extensively in the field
in 2011 and 2012 before arriving at the final versions that
were ultimately used in this study. Reported latrine use was
assessed by trained enumerators using a survey-based instru-
ment translated into the local language. The survey included
questions on whether the household has access to a latrine,
whether they owned a latrine, whether any members of
the household have “ever use(d)” the latrine since it was
constructed, and whether any members of the household used
any other latrine in the village. It then went on to capture
latrine use data for each member of a given household,
thereby enabling an assessment both at individual and house-
hold levels. This study used data obtained through three main
survey questions to enable a valid comparison with concur-
rently obtained PLUM-recorded data for the given household:
“usual” or average daily latrine use; latrine use “yesterday”
(or the last day of the observation period); and latrine use the
“day before yesterday” (or the second last day of the observa-
tion period). The fourth comparative category, which was
latrine use in the last 48 hours of observation, was a derived
measure that was a summation of latrine use “yesterday” and
the “day before yesterday.” These categories were selected to
enable a comparative assessment of the two measures in the
context of an extended perspective of use (“usual” latrine use
behavior), and a more time-bound perspective of use (latrine
use behavior for “yesterday,” the “day before yesterday,” or
the last 48 hours).
Passive latrine use monitor. The PLUM represents
the fourth generation of a device described elsewhere.14 The
device was developed by Portland State University in the
United States (www.pdx.edu/sweetlab). Mounted in a latrine,
the battery powered device employs a passive infrared (PIR)
motion sensor to detect the presence or absence of warm-
body movement within its viewing range. An algorithm devel-
oped and validated based on a previous generation of the
device is used to interpret the raw data and generate esti-
mates of likely “defecation events.” The algorithm distin-
guished likely nondefecation events as those characterized by
dense motion-based triggering in the PLUM under 30 seconds
with no similar triggers within 10 minutes before or after.14
Household follow-up procedure. Based on data from a
sample of 30 households where the PLUM had been
installed as part of a pilot study in 2011–2012, we determined
a within household correlation of mean PLUM-recorded
events over an average of 42 observation days per household
was high (intraclass correlation coefficient = 0.38) and that
repeat measurements of more than 14 days in a household
per round would yield little gain in study power. We therefore
selected a 2-week follow-up period. Some of the results from
this survey will be reported in another paper.
PLUMs were installed in eligible household latrines for a
16-day period. Days 1 and 16 that corresponded to installa-
tion and removal dates were dropped to reduce errors. Data
from the intervening 14-day period were used. If a house-
hold owned more than one latrine, PLUM devices were
installed in each of those latrines. Since we found that cellu-
lar coverage was poor in the study area, we installed major-
ity of the PLUMs in a local logging mode to ensure that data
were recorded and safely stored. These data were later
uploaded to a MySQL server for analysis.
Data on reported latrine use were collected for each indi-
vidual household member in a given household. Questions
on reported use were administered to all household mem-
bers that were present and were able to comprehend and
respond to queries. In the event that a household member
was not present or was unable to answer the questions, the
consenting female head of household or the eldest daughter-
in-law was considered the primary household respondent,
and provided information on latrine use for those household
members. The reported latrine use survey was conducted at
the start of the monitoring period (on the same day that the
PLUM was installed in the household) except for two ques-
tions on the frequency of latrine use “yesterday” and the
“day before yesterday,” which were administered at the end
of the monitoring period (on the day that the PLUM was
retrieved from the household). The frequency of latrine use
was recorded only for those members currently living in the
household, and visitors, if any, to ensure a more accurate
estimate of the total number of household members at the
time of data collection.
With regard to reported latrine use for “yesterday” and
the “day before yesterday,” each reported 24-hour period
was divided into four segments (sunrise/morning; pre-noon/
afternoon; evening/sunset; night), and reported events were
queried during each segment for each household member to
aid more accurate recall. As with the more general question
regarding overall use, all household members who were pres-
ent were asked to report their use and the primary house-
hold respondent was asked about latrine use of household
members who were unavailable and/or unable to respond.
Additionally, the respondent was asked to recall if they had
visitors/non-household members on that specific day who
may have used the latrine. If they did, similar latrine use data
for the visitor(s) were recorded with a distinct coding for the
visitor(s). This was done to increase accuracy of reported use
by all individuals who may have used the latrine in the speci-
fied time.
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Additionally, latrine spot-checks were conducted by trained
observers as an additional means to assess latrine use in all
households on the day that the PLUM was removed, that is,
day 16. The four latrine spot-check indicators that were con-
sidered were 1) evidence that latrine is used as storage (where
storage indicated non-use); 2) leaves/dirt in toilet pan (where
the presence of leaves/ dirt indicated non-use); 3) water
container in/near latrine for washing (where the presence
of a water container indicated use); and 4) slippers outside
or inside the latrine (where the presence of slippers indi-
cated use).
Table 1 highlights the questions and methods used for
assessing reported latrine use to enable a comparison with
a corresponding PLUM-recorded measure for four catego-
ries. The estimation approaches used for both measures are
also included.
Data analysis. The survey data were entered using EPI-
Data 3.1 (EpiData Association, Odense, Denmark). Data
were processed and analyzed using STATA 12 (StataCorp,
College Station, TX)31 and R (Version 3.1.2; R Foundation
for Statistical Computing, Vienna, Austria).32 Agreement
between PLUM-recorded latrine use and reported latrine
use was assessed for both the usual latrine use item and the
items regarding use in the prior 48 hours as presented in
Table 1. The comparison of average reported daily use on
days 13 and 14 with the average daily PLUM-recorded count
across the total monitoring period was to determine whether
the more targeted recall items had better agreement with over-
all usage patterns than did the more general “usual use” item.
Bland–Altman (BA) plots were constructed to assess
agreement between reported latrine use and PLUM-derived
count for each of the comparisons listed in Table 1. Because
the simple BA method assumes that both the mean and stan-
dard deviation (SD) of the differences between methods are
constant across the range of measurement, we used the
approach suggested by Bland and Altman to assess these
assumptions and constructed adjusted plots that accounted
for non-constant bias and/or variance.33 The steps in this
approach were as follows:
1. Given Ri = reported use in household i and Pi = PLUM-
derived use in household i, the difference between reported
use and PLUM-derived use was calculated as Di = Ri − Pi,
and the average of reported use and PLUM-derived use
was calculated as Λvi = (Ri + Pi)/2
2. The mean bias between methods was modeled using lin-
ear regression as Di = a + b(Λvi). Non-constant bias is
indicated by b > 0
3. The absolute residuals from the model specified in step 2
were regressed on the average (Λv) of the methods, Ri =
α + β(Λvi). Non-constant variance (heteroscedasticity) is
indicated by β > 0
TABLE 1
Questions and methods used for assessing reported use of latrines and the corresponding PLUM-recorded estimation approaches for four com-
parison categories
Parameter
Survey question
(asked in Oriya)
Approach to estimate
reported use
Corresponding PLUM-
recorded estimation
“Usual” or average
daily reported
latrine use
Among your family members
who use the latrine, can you
please tell me how many times
in the day they usually use
the latrine?
Average daily reported use for
a given household: sum of
“usual” reported latrine use
per day for all latrine using
household members
Average daily PLUM-recorded use for
a given household: sum of PLUM-
recorded defecation events over
14 days/14 days (for households
without any reported visitors) or
sum of PLUM-recorded defecation
events over 12 days/12 days (for
households reporting visitors on
days 13 and 14)
Reported latrine
use for “yesterday”
(day 14)
For each member of your household,
please tell us which members used
the latrine for defecation “yesterday”
and the approximate time of day
they used it. If they used the latrine,
tell us the number of times they used
it (based on four dis-aggregated parts
of the day. Visual aids depicting the
parts of the day and household members
used to facilitate recall).
Sum of reported latrine events
across all parts of the day
for all household members
for “yesterday” in a
given household
Sum of PLUM-recorded defecation
events for the same day in the
same household
Reported latrine
use for the
“day-before
yesterday”
(day 13)
For each member of your household,
please tell us which members used
the latrine for defecation the “day
before yesterday” and the approximate
time of day they used it. If they used the
latrine, tell us the number of times they
used it (based on four dis-aggregated
parts of the day. Visual aids depicting
the parts of the day and household
members used to facilitate recall)
Sum of reported latrine events
across all parts of the day for
all household members for the
“day before yesterday” in a
given household
Sum of PLUM-recorded defecation
events for the same day in the
same household
Reported latrine
use −48-hour
recall
No separate question asked Sum of total reported use
for “yesterday” and the
“day before yesterday”/2: to
estimate average reported use
based on prior 48-hour recall
for a given household
Average daily PLUM-recorded use
for a given household based on
the 14-day (or 12-day)
monitoring period
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4. As the absolute residuals from step 3 follow a half-normal
distribution, the relationship of the SD of the differ-
ences to the average of the measurements is given as
SDi¼αð
ffiffiffiffiffiffiffiffi
π=2
p Þþβð ffiffiffiffiffiffiffiffiπ=2p ÞLvi. Therefore, the 95% limits
of agreement for the difference between the two methods
given their average were calculated as Di ± 2(SDi).
The mean difference between methods and 95% limits of
agreement were plotted against the average of the methods
per conventional BA plot format.
Next, to model the direct relationship between reported
use and PLUM count for each category of comparison, sym-
metric prediction equations with corresponding 95% predic-
tion intervals were derived from the results of the BA
analysis.34 Using the parameter estimates from the previous
equations, the predicted PLUM-derived count for a given
value of reported use was calculated as:
Pi ¼ a 2α1 b=2 βð Þ þ
1þ b=2 βð Þ
1 b=2 βð Þ  Ri
and predicted reported use for a given PLUM-derived count
was calculated as:
Ri ¼ a 2α1þ b=2 βð Þ þ
1 b=2 βð Þ
1þ b=2 βð Þ  Pi
Finally, the concordance correlation coefficient (CCC) was
calculated for each pair of measures using the “concord”
package.35 The CCC is a standardized measure of the varia-
tion of the linear relationship between two methods from the
45° line through the origin (the line of perfect agreement). A
CCC value of 1 indicates perfect concordance between the
measures, whereas a value of 0 indicates a complete lack of
concordance. The CCC is a more appropriate method for
assessing agreement than the often used Pearson correlation
coefficient as the CCC measures both precision, the deviations
of the observations from the line of best fit, and accuracy, the
distance of the fit line from the line of perfect agreement.36
We generated bootstrap 95% confidence intervals (CIs) for
the CCC (bias corrected accelerated based on 2,000 bootstrap
replicates). To assess for significant differences in the con-
cordance of reported use with PLUM events across the com-
parison categories, we generated bootstrap 95% CIs (2,000
replicates) of the difference between CCCs using the approach
described by Crawford and others.36
With reference to the four latrine spot-check indicators, we
conducted an additional series of analyses to assess whether
incorporating information from the four selected latrine spot-
check items reduced the observed bias in reported latrine use
relative to the PLUM-recorded events. Specifically, if house-
hold members reported latrine use but the latrine spot-check
item indicated non-use, the reported use for that household
was given a value of 0. In households with multiple latrines,
the nonuse condition needed to be met in all the latrines for
the given household. The CCC and the limits of agreement
from the BA plot were recalculated with the adjusted values
and compared with the unadjusted reported values. This com-
parison was conducted independently for each of the spot-
check items as well as for the combined presence of any of
the indicators.
Ethics. The latrine use assessment research was a sub-
study of the Sanitation Trial and was granted ethics approval
by the Ethics Committee of the London School of Hygiene
and Tropical Medicine (Approval #5561, as amended), and
by the Institutional Ethics Committee of the Xavier Univer-
sity, Bhubaneswar (Approval #310510, as amended). The
Sanitation Trial was registered with ClinicalTrials.gov (Reg-
istration No. NCT01214785). Participants in the research
were provided full details of the study prior to seeking
informed, written consent from the male/female head of the
household. In addition, Village Water and Sanitation Com-
mittee members were also consulted prior to initiation of
the study. Measures were taken to ensure confidentiality for
all participants.
RESULTS
We obtained results on latrine use from 292 households.
With 14 days of surveillance data per household, the study
includes a total of 4,088 days of household-level latrine use
data for 2,035 individuals, including 31 visitors. The average
household size was 6.74 (SD = 3.02) with a range from 2 to
29 members per household. Comparison of reported latrine
use and PLUM-recorded latrine events revealed that, on aver-
age, the reported use measures were higher than the corre-
sponding PLUM-recorded latrine events across the range of
comparisons (Figure 1). The mean reported “usual” daily
events (7.09, 95% CI = 6.51, 7.68) was nearly twice as high as
that of the PLUM-recorded daily average (3.62, 95% CI =
3.29, 3.94). Reported use on days 13 and 14 were also higher
than their corresponding PLUM-recorded latrine events, but
that difference was markedly less. The average PLUM-recorded
latrine events were similar for the 14-day observation period
(3.62, 95% CI = 3.29, 3.94) and for the last 48 hours (3.59,
95% CI = 3.23, 3.95). It may therefore be reasonable to com-
pare the PLUM-recorded daily average for the 14-day obser-
vation period with average reported use for the prior 48 hours
in the fourth category. For the “usual” or average daily
reported use measure, the proportion of self-report to report
was 25.3% self-report, 74.7% reported. For the 48-hour recall
measure, it was 24.0% self-report and 76.0% reported.
Assessing agreement using BA plots. In each of the four
categories, the results of regressing the difference between
PLUM events and reported use on their average indicated
nonconstant bias between the methods. Similarly, there was
a significant positive relationship between the absolute resid-
uals from the previous step and the average of the methods in
each category, indicating nonconstant variance between PLUM
derived-use and reported use. Figure 2 presents the BA plot of
the difference between the two methods against their average
for the two main comparison categories—reported “usual”
daily latrine use with average daily PLUM-recorded latrine
events and the average of reported use on days 13 and 14
with average daily PLUM-recorded events during the total
observation period. The BA plots comparing reported use on
day 13 with PLUM-recorded events on day 13, and reported
use on day 14 with PLUM-recorded events on day 14 are
included in the supplementary information material (Supple-
mental Figure 1A and B).
Across the comparisons, there was a pattern of upward
bias in the difference between reported use and PLUM
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events, indicating that, on average, households over-reported
latrine use relative to the PLUM-recorded events during the
observation period. The magnitude of this difference was
greatest between reported “usual” latrine use and the aver-
age household PLUM-recorded events (Figure 2A). The
equations derived from the BA analysis indicate that reported
“usual” daily use was, on average, 118% higher than the aver-
age number of PLUM events recorded in the household
(Figure 3A). Notably, when respondents were asked about
use in the households on days 13 (day before yesterday) and
14 (yesterday), the bias between reported use and PLUM
events on the corresponding day was reduced (Supplemental
FIGURE 1. Mean latrine events and 95% confidence interval for households (N = 292) for reported latrine use and corresponding PLUM-
recorded latrine use for varying time. The average reported use events are consistently greater than the corresponding PLUM-recorded latrine
events for all four comparison categories.
FIGURE 2. Bland–Altman plots comparing (A) reported “usual” daily latrine use with average daily PLUM-recorded latrine events, (B) aver-
age of reported use on days 13 and 14 with average daily PLUM-recorded events during the total observation period. The mean difference
between methods (bias) is shown by the solid line and the dashed lines show the 95% limits of agreement, which is the interval expected to con-
tain 95% of the differences between methods. For each comparison, both the mean difference and the variance between methods are observed
to increase as the magnitude of the measurement increases.
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Figures 1, 2A and B). Across the comparison categories, the
95% limits of agreement were fairly wide.
Given the reduction in bias observed between the
reported measures of daily latrine use in the prior 48 hours
with the PLUM-recorded latrine events for those days, we
averaged the reported use “yesterday” and the “day before
yesterday” within each household and compared that to their
average daily PLUM-recorded events across the 2-week
observation period. As displayed in the BA plot (Figure 2B),
the average bias between the 48-hour recall measure and the
average daily PLUM-recorded events was less than that with
the measure of reported “usual” latrine use. The predicted
frequency of latrine use with the 48-hour recall measure was
60% higher than the average daily PLUM-recorded events
over the 2-week study period (Figure 3B).
Concordance correlation coefficient. The results obtained
from calculation of the concordance correlation coefficient
were also found to be aligned with the results of the BA
analysis. There was poor concordance between reported
“usual” daily latrine use and the average daily PLUM-
recorded events (ρc = 0.331, 95% CI = 0.242, 0.427). The
concordance between reported use on day 13/the “day
before yesterday” and the corresponding day’s count of
PLUM events was 0.467 (95% CI = 0.334, 0.560). We found
that agreement further improved between reported use
for day 14/“yesterday” and the PLUM count for the same
24-hour period (ρc = 0.581, 95% CI = 0.476, 0.688). Finally,
the CCC (ρc = 0.598, 95% CI = 0.497, 0.683) for reported
use in the last 48 hours and PLUM-recorded use over 14 days
indicated an improvement in precision and a moderate agree-
ment between the two measures. The concordance between
the 48-hour recall measure and the average PLUM-recorded
events was significantly higher than that between the “usual”
latrine use measure and the average PLUM count (95% CI
of the difference: 0.21, 0.32, P < 0.05).
The use of the four latrine spot-check indicators to adjust
reported latrine use in households where visual inspection
suggested that the latrine was not being used resulted in neg-
ligible improvements in both the CCC and the limits of
agreement from the BA plot (data not shown).
DISCUSSION
We found that average reported latrine use was consis-
tently higher than average PLUM-recorded latrine use over
all four categories of comparison considered in this study.
This is consistent with previous literature, which indicates
that relying on reported sanitation behavior via surveys
may be subject to courtesy and recall bias and may influence
the behavior being monitored.3,27,28 Additionally, the magni-
tude of this observed bias was dependent on the category or
type of reported latrine use measure. The largest bias was
observed with the most general item that queried “usual”
number of times per day that a participant used the latrine.
This may be because of higher recall bias in instances when
recall is not bound by a defined time, such as when responding
to “usual” latrine use practices. Our results indicate that the
bias was reduced with the measures that compared reported
latrine use in the prior 48 hours to corresponding PLUM-
recorded use during that time. A plausible explanation for this
may be that when queried about latrine use behavior in the
prior 48 hours, householders were asked more precise ques-
tions with references to clearly defined time. For example,
they were asked to respond to each day separately, that is,
reported use for yesterday and for the before yesterday. Fur-
ther, each day was broken into four segments corresponding
to sunrise/morning; pre-noon/afternoon; evening/sunset; night/
pre-sunrise hours, to facilitate greater accuracy of responses
to these time-bound segments. Additionally, visual aids were
used to facilitate the understanding of illiterate participants in
FIGURE 3. Scatterplots of (A) reported “usual” daily latrine use and average daily PLUM-recorded latrine events, (B) average of reported
use on days 13 and 14 and average daily PLUM-recorded events during the total observation period. Symmetric prediction equations allowing
for direct conversion between the methods are derived from the Bland–Altman analysis. The predicted value of one method (e.g., reported use)
given the other (e.g., PLUM events) is displayed by the solid line. The shaded 45° line at the origin is the line of equality, indicating perfect
agreement between the methods.
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the study sample. This design may have helped to reduce
over-reporting for the relevant periods.
Among the categories of reported latrine use measures,
agreement between reported use and PLUM-recorded
events was fairly low. Although agreement between average
reported use of latrine(s) over the prior 48 hours and average
daily PLUM-recorded events for the 2-week period was
higher than all the previous measures, it was still less than
0.6 (ρc = 0.598, 95% CI = 0.497, 0.683). However, it is note-
worthy that reported daily use during the previous 2 days was
a significantly less biased and more precise measure of aver-
age daily PLUM-recorded latrine use across the entire study
period than was the more general question about “usual”
latrine use. This has implications for how reported use mea-
sures are developed and administered in future studies.
It is important to note that the PLUM has not yet been
established as the “gold standard” for evaluating other
methods for latrine use assessment. There are limitations
associated with the PLUM algorithm, which may warrant
further evaluation in future studies. Although the algorithm
has been refined based on previous research and subsequent
small scale testing, it is limited in its ability to disambiguate
latrine events that occur within short inter-arrival times.14
Consequently, there may be an underestimation of discrete
events during peak use times, although it is unlikely that this
alone could account for the magnitude of the difference
observed in this study. There is also a possibility of behav-
ioral reactivity or reporting bias induced by the presence of
the PLUM in the latrine, which may influence the estimation
of the bias between reported and PLUM-recorded use. More-
over, the device does not definitively distinguish between the
nature of latrine activities, such as the disposal of child feces,
which is critical to ensuring sanitary gains,37,38 urination, or
menstrual hygiene. While estimates of average use per per-
son per day may be derived from the aggregated household-
level PLUM-recorded events, unlike the (self-) reported use
measure, it does not permit a distinction between users and
nonusers in a given household or help in profiling those
refractory members, so that they may be targeted through
further interventions.
Other limitations of this study include a relatively small
sample size because of the limited number of PLUMs that
were available, each of which had to be installed for a period
of 2 weeks per latrine. In households that had multiple
latrines, one PLUM was installed per latrine. The study was
limited to only those households that were part of the inter-
vention arm of the Sanitation Trial. Therefore, any generaliza-
tions made to the larger population would need to be done
with caution. Although data were gathered synchronously by
the reported use survey and the PLUM for the latrine use
measures for “yesterday” and the “day before yesterday,” it
was not possible to do so for the “average daily use” category.
It was assumed that “usual” daily reported latrine use might
be comparable with PLUM-recorded latrine use counts
obtained over the 2-week monitoring period. The discrepancy
we observed between respondent recall of visitors in the prior
2 days, when households accounted for visitors, compared
with that for the first 12 days of monitoring, when respondent
recall was poor, suggests the presence of recall bias in our
“usual” daily reported use data. In such cases, relying exclu-
sively on the measure of reported use may result in an under-
estimation of latrine use. There may also be a possibility of
courtesy bias in respondent reporting given that the survey
focused on sanitation.
Despite these limitations, this study furthers research on the
methods for assessing latrine use in low-income settings and
adds to a growing body of evidence on the feasibility of
instrumented monitoring of sanitation behavior at the house-
hold level.14,39 This is particularly significant in the context of
latrine use assessment since such alternatives are likely to
offer a viable low-cost, objective, non-invasive and medium to
long-term perspective of use. Based on our study data, we
may also conclude that while all the categories of reported
use are biased compared with the PLUM-based measure-
ment, the aggregated 48-hour recall of individual latrine use
in households is the least biased and provides a more accurate
measure of overall household latrine use than does the gen-
eral recall. This measure of reported use may therefore be a
useful approach to assess household-level latrine use behavior
when sensor-based monitoring alternatives are infeasible.
Received February 10, 2016. Accepted for publication May 31, 2016.
Published online July 25, 2016.
Note: Supplemental figures appear at www.ajtmh.org.
Acknowledgments: We thank all the study participants who con-
tributed to this study. We also thank the field team for supporting data
collection, Paramita Routray and the rest of the team based in
Bhubaneswar, Odisha, India, for providing administrative and
logistical support, and Matthew Freeman for assistance with the
sampling strategy and other aspects of the study.
Financial support: This work was supported by the Bill & Melinda
Gates Foundation, International Initiative for Impact Evaluation (3ie),
and Department for International Development-backed SHARE
Research Consortium at the London School of Hygiene and Tropical
Medicine. The funders had no role in study design, data collection and
analysis, decision to publish or preparation of the manuscript.
Disclosures: In addition to his academic appointment at Portland
State University, Evan Thomas was the founder and serves as the
President and CEO of SweetSense, Inc., which designed, manu-
factured, and supplied the PLUMs used in this study.
Authors’ addresses: Antara Sinha, Wolf P. Schmidt, Belen Torondel,
and Sophie Boisson, Faculty of Infectious and Tropical Diseases,
London School of Hygiene and Tropical Medicine, London, United
Kingdom, E-mails: antara.sinha@lshtm.ac.uk, wolf-peter.schmidt@
lshtm.ac.uk, belen.torondel@lshtm.ac.uk, and sophie.boisson@lshtm
.ac.uk. Corey L. Nagel, School of Public Health, Oregon Health and
Science University, Portland, OR, E-mail: nagelc@ohsu.edu. Evan
Thomas, The Portland State University SWEETLab, Portland, OR,
E-mail: evan.thomas@pdx.edu. Thomas F. Clasen, Department of
Environment Health, Rollins School of Public Health, Emory Uni-
versity, Atlanta, GA, E-mail: thomas.f.clasen@emory.edu.
This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.
REFERENCES
1. Prüss-Ustün A, Bartram J, Clasen T, Colford JM, Cumming O,
Curtis V, Bonjour S, Dangour AD, De France J, Fewtrell L,
2014. Burden of disease from inadequate water, sanitation
and hygiene in low-and middle-income settings: a retrospec-
tive analysis of data from 145 countries. Trop Med Int Health
19: 894–905.
2. Hutton G, 2015. Benefits and Costs of the Water Sanitation and
Hygiene Targets for the post-2015 Development Agenda. Post-
2015 Consensus: Water and Sanitation Assessment. Lowell,
MA: Copenhagen Consensus Center.
726 SINHA AND OTHERS
3. Bartram J, Brocklehurst C, Fisher MB, Luyendijk R, Hossain R,
Wardlaw T, Gordon B, 2014. Global monitoring of water sup-
ply and sanitation: history, methods and future challenges. Int
J Environ Res Public Health 11: 8137–8165.
4. Planning Commission GoI, 2013. Evaluation Study on Total Sani-
tation Campaign. New Delhi, India: Planning Commission,
Government of India.
5. Coffey D, Gupta A, Hathi P, Khurana N, Spears D, Srivastav N,
Vyas S, 2014. Revealed preference for open defecation. Econ
Polit Wkly 49: 43.
6. Barnard S, Routray P, Majorin F, Peletz R, Boisson S, Sinha A,
Clasen T, 2013. Impact of Indian total sanitation campaign on
latrine coverage and use: a cross-sectional study in Orissa three
years following programme implementation.PLoSOne 8: e71438.
7. TARU, 2008. Impact Assessment of Nirmal Gram Puraskar
Awarded Panchayats. New Delhi, India: UNICEF.
8. Sanan D, Moulik SG, 2007. Community-Led Total Sanitation in
Rural Areas: An Approach that Works. New Delhi, India:
Water and Sanitation Program—South Asia, The World Bank.
9. National Sample Survey Office GoI, 2013. Key Indicators of
Drinking Water, Sanitation, Hygiene and Housing Condition in
India. New Delhi, India: Ministry of Statistics and Programme
Implementation, Government of India.
10. Patil SR, Arnold BF, Salvatore AL, Briceno B, Ganguly S,
Colford JM Jr, Gertler PJ, 2014. The effect of India’s total
sanitation campaign on defecation behaviors and child health
in rural Madhya Pradesh: a cluster randomized controlled trial.
PLoS Med 11: e1001709.
11. Clasen T, Boisson S, Routray P, Torondel B, Bell M, Cumming
O, Ensink J, Freeman M, Jenkins M, Odagiri M, Ray S, Sinha
A, Suar M, Schmidt W-P, 2014. Effectiveness of a rural sanita-
tion programme on diarrhea, soil-transmitted helminth infection,
and child malnutrition in Odisha, India: a cluster-randomised
trial. Lancet Glob Health 2: e645–e653.
12. Arnold BF, Khush RS, Ramaswamy P, London AG, Rajkumar
P, Ramaprabha P, Durairaj N, Hubbard AE, Balakrishnan K,
Colford JMJ, 2010. Causal inference methods to study non-
randomized, pre-existing development interventions. Proc
Natl Acad Sci USA 107: 22605–22610.
13. WSP, 2013. Linking Service Delivery Processes and Outcomes in
Rural Sanitation: Findings from 56 Districts in India. New
Delhi, India: Water and Sanitation Program, World Bank.
14. Clasen T, Fabini D, Boisson S, Taneja J, Song J, Aichinger E,
Bui A, Dadashi S, Schmidt WP, Burt Z, Nelson KL, 2012.
Making sanitation count: developing and testing a device for
assessing latrine use in low-income settings. Environ Sci Technol
46: 3295–3303.
15. Montgomery MA, Desai MM, Elimelech M, 2010. Assessment
of latrine use and quality and association with risk of trachoma
in rural Tanzania. Trans R Soc Trop Med Hyg 104: 283–289.
16. O’Loughlin R, Fentie G, Flannery B, Emerson PM, 2006.
Follow-up of a low cost latrine promotion programme in one
district of Amhara, Ethiopia: characteristics of early adopters
and non-adopters. Trop Med Int Health 11: 1406–1415.
17. Arnold BF, Khush RS, Ramaswamy P, Rajkumar P, Durairaj N,
Ramaprabha P, Balakrishnan K, Colford JM, 2015. Reactivity
in rapidly collected hygiene and toilet spot check measure-
ments: a cautionary note for longitudinal studies. Am J Trop
Med Hyg 92: 159–162.
18. Larson E, Silberger M, Jakob K, Whittier S, Lai L, Della Latta
P, Saiman L, 2000. Assessment of alternative hand hygiene
regimens to improve skin health among neonatal intensive
care unit nurses. Heart and Lung 29: 136–142.
19. Larson EL, Aiello AE, Cimiotti JP, 2004. Assessing nurses’ hand
hygiene practices by direct observation or self-report. J Nurs
Meas 12: 77–87.
20. Harris A, Samore M, Nafziger R, DiRosario K, Roghmann M,
Carmeli Y, 2000. A survey on handwashing practices and
opinions of healthcare workers. J Hosp Infect 45: 318–321.
21. Banda K, Sarkar R, Gopal S, Govindarajan J, Harijan BB,
Jeyakumar MB, Mitta P, Sadanala ME, Selwyn T, Suresh
CR, Thomas VA, Devadason P, Kumar R, Selvapandian D,
Kang G, Balraj V, 2007. Water handling, sanitation and
defecation practices in rural southern India: a knowledge,
attitudes and practices study. Trans R Soc Trop Med Hyg
101: 1124–1130.
22. WHO, UNICEF, 2006. Core Questions on Drinking Water and
Sanitation for Household Surveys. Geneva, Switzerland:
WHO, UNICEF.
23. Biran A, Schmidt WP, Wright R, Jones T, Seshadri M, Isaac P,
Nathan N, Hall P, McKenna J, Granger S, 2009. The effect of
a soap promotion and hygiene education campaign on hand-
washing behaviour in rural India: a cluster randomised trial.
Trop Med Int Health 14: 1303–1314.
24. Schmidt W-P, Cairncross S, 2009. Household water treatment in
poor populations: is there enough evidence for scaling up
now? Environ Sci Technol 43: 986–992.
25. Scott BE, Schmidt WP, Aunger R, Garbrah-Aidoo N, Animashaun
R, 2008. Marketing hygiene behaviours: the impact of different
communication channels on reported handwashing behaviour of
women in Ghana. Health Educ Res 23: 392–401.
26. Manun’Ebo M, Cousens S, Haggerty P, Kalengaie M, Ashworth
A, Kirkwood B, 1997. Measuring hygiene practices: a compar-
ison of questionnaires with direct observations in rural Zaire.
Trop Med Int Health 2: 1015–1021.
27. Curtis V, Cousens S, Mertens T, Traore E, Kanki B, Diallo I,
1993. Structured observations of hygiene behaviours in
Burkina Faso: validity, variability, and utility. Bull World Health
Organ 71: 23–32.
28. Zwane AP, Zinman J, Van Dusen E, Pariente W, Null C, Miguel
E, Kremer M, Karlan DS, Hornbeck R, Giné X, 2011. Being
surveyed can change later behavior and related parameter
estimates. Proc Natl Acad Sci USA 108: 1821–1826.
29. Clasen T, Boisson S, Routray P, Cumming O, Jenkins M, Ensink
JH, Bell M, Freeman MC, Peppin S, Schmidt W-P, 2012. The
effect of improved rural sanitation on diarrhoea and helminth
infection: design of a cluster-randomized trial in Orissa, India.
Emerg Themes Epidemiol 9: 7.
30. Boisson S, Sosai P, Ray S, Routray P, Torondel B, Schmidt W-P,
Bhanja B, Clasen T, 2014. Promoting latrine construction and
use in rural villages practicing open defecation: process evalu-
ation in connection with a randomised controlled trial in
Orissa, India. BMC Res Notes 7: 486.
31. Press S, 2011. Stata Survey Data Reference Manual, Release 12.
College Station, TX: StataCorp LP.
32. Team RC, 2014. R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical
Computing. 2012: ISBN 3-900051-07-0.
33. Bland JM, Altman DG, 1999. Measuring agreement in method
comparison studies. Stat Methods Med Res 8: 135–160.
34. Carstensen B, 2010. Comparing methods of measurement:
extending the LoA by regression. Stat Med 29: 401–410.
35. Steichen TJ, Cox NJ, 2002. A note on the concordance correla-
tion coefficient. Stata J 2: 183–189.
36. Crawford SB, Kosinski AS, Lin H-M, Williamson JM, Barnhart
HX, 2007. Computer programs for the concordance corre-
lation coefficient. Comput Methods Programs Biomed 88:
62–74.
37. Chitty A, Ensink J, EstevesMills J, Majorin F, 2015. Estimating
the Potential Impact of Sanitary Child Stool Disposal. London:
SHARE, London School of Hygiene and Tropical Medicine.
38. Gil A, Lanata C, Kleinau E, Penny M, 2004. Strategic Report 11:
Children’s Feces Disposal Practices in Developing Countries
and Interventions to Prevent Diarrheal Diseases: A Literature
Review. La Molina, Peru: Instituto de Investigacion Nutricional.
39. O’Reilly K, Louis E, Thomas E, Sinha A, 2015. Combining sensor
monitoring and ethnography to evaluate household latrine
usage in rural India. J Water Sanit Hyg Dev 5: 426–438.
727LATRINE USE MONITORING
